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Introduction
Within an aging population there is considerable variability in memory, which is likely due to differences in the degree of brain senescence. In turn, the extent of brain aging is influenced by genetic and environmental factors (Foster, 2006) . A consistent finding across several species and laboratories is that aged animals exhibit an increase in the Ca 2+ -dependent, K + -mediated afterhyperpolarization (AHP) (Disterhoft et al., 1996b; Foster, 2002, 2004; Landfield and Pitler, 1984; Moyer et al., 1992; Tombaugh et al., 2005) . Interestingly, recent research indicates that aged animals that exhibit learning on hippocampal-dependent tasks also present with a reduction in the amplitude of the AHP relative to animals that fail to exhibit learning (Moyer et al., 2000; Tombaugh et al., 2005) . However, it is unclear whether the variability in the AHP is related to biological aging per se or may result from learning as the animal interacts with the environment. For example, one possibility is that the amplitude of the AHP is age-dependent (i.e. varies according to biological aging of the brain) and the larger AHP is observed in very old animals which exhibit impairments on hippocampal-dependent tasks (Tombaugh et al., 2005) . Alternatively, the amplitude of the AHP may be "event-dependent", reflecting changes brought about as a result of learning while interacting with the environment, such that the AHP of aged animals may be reduced as animals acquire the task (Moyer et al., 2000) . Under this set of assumptions environmental stimuli designed to engage the hippocampus might ameliorate this form of senescent physiology.
Environmental enrichment has been shown to ameliorate age-related changes in hippocampal anatomy and biochemistry and improve cognitive function in aged animals (Frick and Fernandez, 2003; Kempermann et al., 2002; Mohammed et al., 1993; Soffie et al., 1999) . However, little is known concerning the effects of environmental enrichment on cell excitability and senescent neurophysiology. Therefore, the current study was designed to test the hypothesis that environmental enrichment would reduce the amplitude of the AHP. As with our previous research (Foster and Dumas, 2001; Foster et al., 1996; Gagne et al., 1998) , the goal of the enrichment procedure was to alter the environment in order to make available opportunities to perform the widest possible range of behaviors that depend on the hippocampus, and to limit these behaviors for animals in the control or impoverished condition. Our results demonstrate that a reduction in the AHP was observed only in aged animals exposed to environmental enrichment consistent with the idea that environmental enrichment can ameliorate senescent physiology and suggesting that the responsiveness to the enrichment procedure is modified by age.
Results
A total of 118 recorded cells were acceptable according to our cell health criteria. The input resistance, resting membrane potential, and spike amplitude were not different between age groups, and no significant differences in the intrinsic membrane properties (input resistance, resting membrane potential, and spike amplitude) were observed across the enriched and isolated conditions (Table 1) . Fig. 1 illustrates the effect of age and treatment condition on the amplitude of the AHP. For each cell, the average of 5 to 10 AHPs elicited by a burst of 4 action potentials was calculated and used for statistical analysis. A two-way analysis of variance (ANOVA) on the AHP averages indicated a significant age x treatment interaction [F(1, 114) 13.36, p < 0.005]. Subsequent ANOVAs within each treatment group confirmed a significant [F(1, 58) 10.89, p < 0.005] increase in the AHP for aged (6.43 ± 0.49 mV, n = 20), relative to young (4.72 ± 0.27 mV, n = 40) rats exposed to the IC condition (Figs. 1A and C). Interestingly, no age difference was observed for animals exposed to environmental enrichment (Figs. 1B and C). However, there was a tendency (p = 0.057) for a decrease in the AHP of aged animals (4.06 ± 0.55 mV, n = 21) relative to young (5.17 ± 0.30 mV, n = 37) following 8-10 weeks of environmental enrichment. An ANOVA within each age group indicated a significant [F(1,39) pyramidal cells from aged and young rats exposed to individual cages (IC). The AHP is evoked after a train of four action potentials, elicited by a 100-ms pulse of depolarizing current. Both cells were held at −62 mV. Note that action potentials are truncated to better illustrate the AHPs. B: Representative voltage records from CA1 pyramidal cells from aged and young rats exposed to environmental enrichment conditions (EC). Again the AHP is evoked after a train of four action potentials elicited by a 100-ms pulse of depolarizing current and the cells were held at − 61 mV. C: Mean AHP amplitude (mV) recorded in neurons of aged (filled bars) and young (open bars) rats exposed to IC and EC. Asterisk indicates a significant increase (p < 0.005) in AHP amplitude in aged rats compared to young rats in IC group. Pound sign indicates a significant decrease (p < 0.005) in AHP amplitude in EC aged compared to IC aged rats. Number above each bar indicates number of cells recorded in each group.
10.27, p < 0.005] effect of differential experience only in aged animals due to a reduction in the AHP observed for the EC animals.
Discussion
The current study demonstrates that 8-10 weeks of environmental enrichment is associated with a significant reduction in the AHP amplitude for older rats. In contrast, an agerelated increase in the AHP was limited to control animals that did not receive environmental enrichment. The results indicate that the AHP amplitude is not simply a function of aging, rather the amplitude is sensitive to the history of experience. Environmental enrichment is designed to provide animals opportunities to perform a wide range of activities, including social, physical, and cognitive behaviors. The opposite is true for the impoverished environments, which limit the animal's use of natural skills and behaviors. Furthermore, the hippocampus is activated by social interactions (Countryman et al., 2005) , exposure to novel environments (Waters et al., 1997) and the spatial rearrangement of familiar objects in the environment (Aggleton and Brown, 2005) . In considering what aspect of environmental enrichment might underlie the reduction in the AHP, it is important to note that this study re-affirms the well documented age-related enhancement in the AHP amplitude (Disterhoft et al., 1996b; Foster, 2002, 2004; Landfield and Pitler, 1984; Moyer et al., 1992; Tombaugh et al., 2005) . In most of the previous studies, animals were group housed. Thus, the reduction in the AHP is not likely due to pair housing and availability of social interactions per se.
While motor activity was not specifically measured in the current study, it is possible that the enriched animals engaged in more exercise since they were permitted to explore a novel environment each day. Thus, variability in the AHP amplitude may relate to the level of exercise, which can reduce some biological markers of aging (Foster, 2006) . However, previous work examining the effect of exercise on the AHP in motor neurons indicates that the AHP magnitude is increased for a subset of motor neurons following increased exercise (Beaumont and Gardiner, 2002) . Regardless, the fact that the reduction in the AHP associated with environmental enrichment was observed only in aged animals indicates that the responsiveness to the enrichment procedure is different across the two age groups.
Contrary to the current results, a decrease in the amplitude of the AHP is observed in both aged (Moyer et al., 2000; Tombaugh et al., 2005) and young animals (Disterhoft et al., 1996a; Zelcer et al., 2006) that exhibit learning on a hippocampal dependent tasks. Moreover, aged animals that do not exhibit learning do not exhibit a reduction in the AHP. This raises the interesting possibility that the cellular pathways associated with environmental enrichment may not be the same as those associated with more conventional learning paradigms. Alternatively, differences may be due to agerelated impairments in the adaptive response to the environmental or behavioral setting. The relationship between intense stress and corticosterone on neural function and behavior are highly similar to those observed during aging. Furthermore, the ability of stress to modify the AHP may depend on the level of stress and subsequent level of corticosterone released (Joels and de Kloet, 1991; Karst and Joels, 1991) . Elevated corticosteroid levels associated with intense stress enhance the AHP, modify synaptic plasticity, and impair learning on a spatial discrimination task (Foster and Norris, 1997) . In contrast, exposure to novelty is a relatively mild stress (Kabbaj et al., 2000) and recent studies indicate that a mild stress can reduce the AHP (Weiss et al., 2005) . Thus, the reduction in the AHP, specific for aged animals may be related to differences in the stress response under the two situations. In this regard, the level of stress associated with exposure to a novel environment may be similar to that observed for learning on a specific task and much milder relative to stress experienced by animals that fail to learn. Thus, at least for aged animals, the reduction in the AHP may be due to mild stress associated with exposure to novelty.
If the reduction in the AHP is linked to mild stress associated with exposure to novelty, the question arises as to why young animals exhibit a reduction in the AHP during learning, but not after 8-10 weeks of environmental enrichment. In considering changes in the stress response during aging, it is clear that the response following exposure to a novel environment and the ability to habituate the stress response following repeated exposure to a mild stressor is modified by aging (Herman et al., 2001; Sapolsky et al., 1986) . Indeed, previous work indicates that the reduction of the AHP associated with learning is rather short lived in young animals (Disterhoft et al., 1996a; Zelcer et al., 2006) . Thus, the absence of an effect on the AHP in young animals may be due to habituation to novelty over the 8-10 weeks of differential experience.
Previous research indicates that there are several ways to regulate the amplitude of the AHP and pharmacological treatments designed to reduce the AHP can improve learning in aged animals (Disterhoft et al., 2004; Thibault et al., 1998) . While the mechanism for the reduction in the AHP was not examined in the present study, the results suggest that mild behavioral stress associated with environmental enrichment may improve learning in aged animals through increased cell excitability. Indeed, environmental enrichment has been shown to have beneficial effects on the rate of learning in aged animals (Fernandez et al., 2004; Frick and Fernandez, 2003; Soffie et al., 1999) . Similarly, exposure to a mild swim stress for 4 weeks improved acquisition of spatial information in aged animals when tested following a 1-h intertrial interval (Mabry et al., 1996) . However, this same study indicated that the treatment did not ameliorate an age-related deficit in memory retention/consolidation that manifest with longer (24 h) retention intervals. Thus, the parameters of enrichment including the level of behavioral stress are likely to influence treatment effects on learning and on the biological markers of aging. Together the results are consistent with the idea that environmental enrichment can ameliorate senescent physiology by reducing the AHP, and that the reduction in the AHP may facilitate learning. Future studies should address the role of exercise and stress in mediating age-related differences in the reduction of the AHP following enrichment and determine whether amelioration of this marker of aging is associated with better memory.
Experimental procedures
Procedures involving animal subjects have been reviewed and approved by the Institutional Animal Care and Use Committee and were in accordance with guidelines established by the U.S. Public Health Service Policy on Humane Care and Use of Laboratory Animals. Male Fischer 344 rats, young (3-6 months) and aged (20-22 months) were obtained from National Institute on Aging aged rat colony and were randomly assigned to either environmentally enriched conditions (EC, aged/young adult, n = 11/10) or individual cage (IC, aged/young adult, n = 6/12). All animals were maintained on a 12:12 h light schedule, and provided ad lib access to food and water.
The IC rats were independently housed in wire cages (48 L × 25 W × 22 H cm) and only handled for regular maintenance. The EC rats were group housed (2 per cage) and were allowed to explore a novel environment for 1-2 /day. The novel environments consisted of a large box, recording cage, or empty maze pool. Each environment contained several three dimensional objects (e.g. toys, boxes, large plastic pipes, coffee mug, water bottle). The environment and availability of objects was rotated randomly. Following 8 weeks of differential experience, rats (1 per day) were killed for collection of electrophysiology. Differential experience was maintained for remaining rats until all animals had been euthanized (2 weeks). Thus, differential experience was maintained for 8-10 weeks and animals in the enriched condition were exposed to a novel environment at least 24 h prior to harvesting the hippocampus.
Rats were overdosed with CO 2 and hippocampi were dissected. Hippocampal slices (∼ 400 μm) were cut parallel to the alvear fibers using a Vibratome (Technical Products International Inc., St. Louis, Missouri). Slices were then transferred to a standard interface-recording chamber that was continuously perfused (1 ml/min) with oxygenated artificial cerebrospinal fluid containing (in mM): NaCl 124, KCl 2, KH 2 PO 4 1.25, MgSO 4 2, CaCl 2 2, NaHCO 3 26, and glucose 10. Slices were maintained at 30-32°C and humidified air (95% O 2 , 5% CO 2 ) was blown over the slices.
Microelectrodes were pulled from thin-wall 1.0 mm microfiber-filled borosilicate capillaries using a Flaming/Brown horizontal micropipette puller (Sutter Instruments, San Rafael, California). The resistance of microelectrodes when filled with 3 M potassium acetate ranged from 50 to 100 MΩ. Microelectrodes were visually positioned in the CA1 pyramidal cell layer using a dissecting microscope (SZH10, Optical Elements Corporation, Washington, DC). Intracellular sharp electrode recordings were obtained from CA1 hippocampal pyramidal neurons. The signals were amplified using an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA), and recordings were sampled at 1 kHz, and stored on computer disk for off-line analysis (Data Wave Technologies, Longmont, CO). An acceptance criterion was established for cell health such that only neurons with resting membrane potential less than − 60 mV measured in the absence of injected holding current, an input resistance >20 MΩ, and an action potential amplitude of 70 mV were included in the analysis. Voltage deflections resulting from hyperpolarizing current pulses (100 ms, 0.2 nA) were used to determine input resistance. For examination of the AHP, the membrane potential was maintained at ∼ 64 mV with a constant current injection (0.48 ± 0.02 nA, mean ± S.E.M.) to minimize the effects of voltage-dependent alterations in membrane conductance. Depolarizing current pulses (100 ms, 0.1-1.2 nA) were delivered every 20 s through the intracellular electrode to elicit a sodium spike bursts of 4 action potentials. The AHP was measured as the difference between the holding potential during the 100 ms period immediately before the onset of the depolarizing current and the membrane potential 500 ms after the offset of the depolarizing current.
